Phase transformation behavior and phase stability of Zr 66:7 Cu 33:3 metallic glass were examined during thermal annealing and electron irradiation. Metastable f.c.c.-Zr 2 Cu phase precipitated in amorphous matrix and formed nanostructure by electron irradiation induced crystallization. With further thermal annealing, the nano grains of the f.c.c.-Zr 2 Cu coarsened accompanied by precipitation of thermally stable b.c.t.-Zr 2 Cu phase from amorphous matrix. The thermal equilibrium b.c.t.-Zr 2 Cu crystalline phase was transformed to the nanocrystalline f.c.c.-Zr 2 Cu phase through the amorphous state during electron irradiation. The unique solid state amorphization and crystallization behavior by electron irradiation can be explained by the thermodynamical model based on the change in relative phase stability among amorphous and crystalline phases by electron irradiation. The thermal stability of the f.c.c.-Zr 2 Cu phase and the effect of dose rate on electron irradiation induced phase transformation were investigated in order to confirm the validity of the thermodynamical model.
Introduction
An amorphous state can be realized by various processes such as rapid quenching of liquid (LQ) or vapor phase (VQ), mechanical alloying, severe deformation and irradiation. 1, 2) Electron irradiation induced amorphization is of interest from the viewpoint of amorphization in solid state and a large number of studies have been reported. [3] [4] [5] The electron irradiation induced amorphization differs from that by the LQ or VQ process because the energy transferred to the primary electron knock-on atoms is only sufficient for inducing single or at most double atom displacements. The electron irradiation induced amorphization occurs when the quantity of the accumulated defects reaches an ultimate limit to destroy the crystalline structure. Mori et al. reported that an amorphous state was realized in 37 alloys among 72 crystalline alloys electron irradiated. 6) In contrast, little attention has been paid to electron irradiation induced crystallization, although this is an effective method to obtain a controlled nanocrystalline structure in amorphous matrix. Electron irradiation induced nanocrystalline structure not only in conventional amorphous alloys 7, 8) but also in new metallic glasses in which the nanostructure is rarely realized by thermal annealing. [9] [10] [11] A metastable nanocrystalline phase was also formed from the amorphous phase by electron irradiation. 12, 13) Formation of crystallographically orientated nanocrystals under FIB irradiation was reported. 14) This novel result implies that electron irradiation induced crystallization as well as amorphization is very important for future practical application of amorphous and nanocrystalline alloys. But there are no clear criteria for electron irradiation induced crystallization of an amorphous phase, nor is the mechanism of the electron irradiation induced crystallization clearly understood.
Recently, we found both amorphization and crystallization behavior in Zr 66:7 Cu 33:3 alloy by electron irradiation at the same acceleration voltage and irradiation temperature of 298 K. 13) In the alloy, thermal equilibrium b.c.t.-Zr 2 Cu phase transformed to an amorphous phase by electron irradiation and then crystallization of the amorphous phase to f.c.c.-Zr 2 Cu phase occurred. This unique phase transformation behavior is summarized in Fig. 1 .
In this paper, the electron irradiation induced phase transformation between amorphous and crystalline phase in Zr 66:7 Cu 33:3 alloy was examined and the dominant factor for the crystallization and amorphization under electron irradiation was determined.
Experimental Procedure
A master ingot of Zr 66:7 Cu 33:3 (at%) alloy was prepared by arc melting in a purified Ar atmosphere. Rapidly quenched ribbon with a cross section of about 2:0 mm Â 0:02 mm was produced from the ingot at a rotation speed of 42 ms À1 by a single roller melt-spinning method in an Ar atmosphere. The ribbon was identified as an amorphous single phase without any crystallinity by X-ray diffractometry using Cu-K, transmission electron microscope (TEM) and high resolution transmission electron microscope (HREM).
14) The melt-spun amorphous ribbon started to transform from an amorphous phase to supercooled liquid at glass transition temperature (T g ) and the supercooled liquid state was maintained over a wide temperature range (ÁT x ), followed by thermal crystal- lization at crystallization temperature (T x ). The T g , T x and T x were 614 K, 668 K and 54 K, respectively. 11, 15) Thin foils for electron irradiation were prepared from the melt-spun ribbon by twin jet polishing in a solution of 30% nitric acid and 70% methanol at about 243 K. The foils were electron irradiated by an ultra-high voltage electron microscope (UHVEM) H-3000 operating at an acceleration voltage of 2 MeV. The applied dose rate was in the range of 3:3 Â 10 23 m À2 s À1 to 1:2 Â 10 25 m À2 s À1 , with the maximum dose density of 1:3 Â 10 27 m À2 . Irradiation was performed at 298 K which is lower than T g . Change in the microstructure during electron irradiation was monitored by bright field (BF) images and selected area diffraction (SAD) patterns in UHVEM. Structure of annealed and irradiated ribbons was examined by X-ray diffractometry using Cu-K radiation, TEM and HREM. No change in microstructure during a conventional TEM and HREM observation at a acceleration voltage of 200 and 300 kV can be seen in the present study.
Thermodynamical Model for Electron Irradiation Induced Phase Transformation
When a material is irradiated with high energy electrons, an elastic collision occurs between these electrons and constituent atoms in the material. In general, the energy transferred to the primary collision atoms from high energy electrons is sufficient to produce only single or at most double atom displacements. 16) Electron irradiation can induce the phase transformation of crystalline and amorphous phases because atoms in a material are dynamically displaced by an electron knock-on effect under electron irradiation. Phase transformation in materials such as thermal crystallization of an amorphous phase, solidification, spinodal decomposition and martensitic transformation can be understood using the change in Gibbs free energy from the viewpoint of thermodynamics. The phase transformation is always accompanied by a decrease in Gibbs free energy of the system. In metallic materials, the Gibbs free energy of an amorphous phase is higher than that of metastable and thermal equilibrium crystalline phases under T m , where the energy of thermal equilibrium crystalline phases is the lowest among them. If the atomic diffusion is sufficiently activated to change the original structure of an amorphous phase by thermal annealing, the amorphous phase is transformed to crystalline phases because Gibbs free energy of the system is reduced by thermal crystallization. 1, 2) In contrast, solid state amorphization by mechanical alloying and irradiation are often explained by the concept of energizing. [17] [18] [19] Electron irradiation raises the energy of a crystalline phase due to lattice defects created by the electron knock-on effect. The crystalline phase cannot maintain its original structure under electron irradiation if the creation of the defects is more frequent than recovery of atoms to the original positions of atomic sublattice by thermal diffusion. Adequate additional energy can be provided to the crystalline phase by electron irradiation resulting in the transformation to the amorphous phase with a higher energy state. However, the concept of energizing, namely, transformation to the higher energy state under a supply of external energy is not applicable for the thermal crystallization or electron irradiation induced crystallization.
To understand the phase transformation between amorphous and crystalline phases, change in Gibbs free energy under electron irradiation was considered. At an acceleration voltage much higher than the threshold value for electron knock-on effect, the atomic movement of almost all constituent elements in the irradiated area occurs independent of the structure resulting in the mixing of constituent atoms. This phenomenon is called a mixing effect and may be effective in the formation and maintenance of a glassy structure in an amorphous phase. The Gibbs free energy of the amorphous phase slightly decreases with increasing dose rate of electron irradiation. In contrast, the mixing effect is unfavorable for maintaining the crystalline structure since it destroys the original structure. Lattice defects increase under electron irradiation and the Gibbs free energy of crystalline phases increases with increasing dose rate. As the degree of complexity of crystalline structure becomes greater, the phase stability of crystalline phase is decreased by mixing effect. The greater the complexity of the crystal structure becomes, the more difficult the recovery by thermal diffusion is. High complexity of the crystalline structure accelerates an increase in its Gibbs free energy by electron irradiation. The degree of the complexity of the crystal structure is thought to be proportional to size of the unit cell of the crystalline phase. As this unit cell enlarges, the number of constituent atoms in the cell increases and the configuration of the atoms becomes topologically and chemically more complicated. The volume of a unit cell of b.c.t.-Zr 2 Cu and f.c.c.-Zr 2 Cu crystalline phases in thermal equilibrium state is 0.1160 nm 3 and 0.0936 nm 3 , respectively. 20, 21) Therefore, the increase in Gibbs free energy of b.c.t.-Zr 2 Cu phase by electron irradiation may be larger than that of f.c.c.-Zr 2 Cu phase. Since b.c.t.-Zr 2 Cu phase in Zr 66:7 Cu 33:3 alloy is thermally stable at room temperature, the Gibbs free energy of this phase is lowest between amorphous and crystalline phases at room temperature. However, the Gibbs free energy of this phase becomes larger than that of f.c.c.-Zr 2 Cu phase under electron irradiation at a value higher than a critical dose.
This thermodynamical model is illustrated in Fig. 2 . Under electron irradiation, the Gibbs free energy changes and the value is small in order of f.c. isothermally annealed at a temperature below T g , the other was carried out by heating above T g . The annealing profiles are shown in Fig. 3 , together with a time-temperaturetransformation diagram constructed by DSC measurement. 14) Figure 4 shows change in TEM microstructures and SAD patterns of the electron irradiation induced f.c.c.-Zr 2 Cu phase during isothermal annealing at a temperature below T g . Figures 4(b) , (c) and (d) correspond to the annealing points indexed (A), (B) and (C) in Fig. 3 , respectively. In the specimen prior to thermal annealing shown in Fig. 4(a) , the TEM microstructure shows f.c.c. 
Effect of dose rate on electron irradiation induced phase transformation
The thermodynamical model suggests that electron irradiation induced phase transformation behavior is sensitive to the dose rate. Effect of the dose rate on the electron irradiation induced phase transformation was examined. The results of electron irradiation on the amorphous phase at the Figs. 7(a) , (b) and (c), respectively. The nanocrystalline structure was formed in the center of the electron irradiated area in the specimen irradiated at 1:2 Â 10 25 m À2 s À1 as shown in Fig. 6(a) . Sharp Debye rings together with the halo rings were observed. The precipitates were identified as f.c.c.-Zr 2 Cu by the Debye rings. The f.c.c.-Zr 2 Cu nanocrystalline structure was also confirmed in the specimen at the dose rate of Thermal Fig. 7(b) . The quantity of f.c.c.-Zr 2 Cu phase decreased with decreasing dose rate and total dose. In the specimen at the dose rate of 3:3 Â 10 23 m À2 s À1 for 300 s shown in Fig. 7(c) , TEM microstructure shows a featureless contrast and SAD pattern shows only halo rings. No electron irradiation induced crystallization was observed. The total dose of 9:9 Â 10 25 m À2 s À1 is insufficient for electron irradiation induced crystallization. Figure 7(d) shows the microstructure irradiated at the dose rate of 3:3 Â 10 23 m À2 s À1 for 3:6 Â 10 3 s whose total dose was 1:2 Â 10 27 m À2 , and it was larger than the critical total dose for the electron irradiation induced crystallization of f.c.c.-Zr 2 Cu. 10) Precipitation of f.c.c.-Zr 2 Cu crystalline phase from the amorphous phase was confirmed from the TEM image and SAD pattern. The critical total dose depends on irradiation time, however, phase selection of electron irradiation induced crystallization did not change.
Discussion
Thermal phase transformation behavior and effect of dose rate on electron irradiation induced phase transformation in Zr 66:7 Cu 33:3 alloy are thermodynamically discussed. Figure 8 shows a free energy diagram of Zr 66:7 Cu 33:3 metallic glass with and without electron irradiation. In thermal annealing of f.c.c.-Zr 2 Cu precipitates in the amorphous matrix, the matrix was transformed to this phase even below T g . This result indicates that the free energy of f.c.c.-Zr 2 Cu phase is lower than that of the amorphous phase. Based on the free energy diagram shown in Fig. 8 , two types of thermal crystallization behavior can be speculated; one is the direct formation of b.c.t.-Zr 2 Cu crystalline phase from the amorphous phase and the other is the two-step crystallization of the amorphous phase through f.c.c.-Zr 2 Cu. In thermal annealing, the former process was preferred because of the difficulty of thermal nucleation of f.c.c.-Zr 2 Cu phase. The origin of difficulty in nucleation of f.c.c.-Zr 2 Cu phase will be discussed in more detail in the next paper. Phase transformation of preprecipitates of f.c.c.-Zr 2 Cu phase to thermal equilibrium b.c.t.-Zr 2 Cu phase was not observed at a temperature below T g . This suggests that nucleation of f.c.c.-Zr 2 Cu is difficult but that its grows fairly easily below T g . The difference in Gibbs free energy among three phases is described in Fig. 8 . crystalline structure at high temperature where there is strong driving force. The three types of thermal phase transformation can be explained by the decrease in Gibbs free energy of Zr 66:7 Cu 33:3 alloy indicated by B in Fig. 8 . In the present study, dose rate dependence of phase selection in electron irradiation induced crystallization was not confirmed. Figure 8 indicates that the electron irradiation induced crystallization of b.c.t.-Zr 2 Cu phase from the amorphous phase may occur at a dose rate lower than DR c from Gibbs free energy change. But there is a threshold total dose for electron irradiation induced crystallization similar to the incubation time for thermal crystallization. 11) Since the irradiation time may be too long to induce electron irradiation induced crystallization of b.c.t.-Zr 2 Cu phase and the threshold dose rate of DR c is lower than the dose rate of 3:3 Â 10 23 m À2 s À1 , b.c.t.-Zr 2 Cu precipitation during electron irradiation induced crystallization was not observed. All thermal and electron irradiation induced phase transformations between amorphous and crystalline phases can be thermodynamically explained.
Conclusions
In Zr 66:7 Cu 33:3 metallic glass, different phase selection was observed between thermal crystallization and electron irradiation induced crystallization. The amorphization and crystallization occurred during electron irradiation. To explain the electron irradiation induced phase transformation behavior, a thermodynamical model was proposed focusing on change in the phase stability of amorphous, b.c. 
